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c-Jun N-terminal kinase (JNK) regulates cellular responses to various extracellular stimuli,
environmental stresses, pathogen infections, and apoptotic agents. Here, a JNK1,
Ec-JNK1, was identified from orange-spotted grouper, Epinephelus coioides. Ec-JNK1
has been found involving in the immune response to pathogen challenges in vivo,
and the infection of Singapore grouper iridovirus (SGIV) and SGIV-induced apoptosis
in vitro. SGIV infection activated Ec-JNK1, of which phosphorylation of motif TPY is
crucial for its activity. Over-expressing Ec-JNK1 phosphorylated transcription factors
c-Jun and promoted the infection and replication of SGIV, while partial inhibition of
the phosphorylation of Ec-JNK1 showed the opposite effects by over-expressing the
dominant-negative EcJNK1-1183-185 mutant. Interestingly, SGIV enhanced the viral
infectivity by activating Ec-JNK1 which in turn drastically inhibited the antiviral responses
of type 1 IFN, indicating that Ec-JNK1 could be involved in blocking IFN signaling
during SGIV infection. In addition, Ec-JNK1 enhanced the activation of AP-1, p53, and
NF-κB, and resulted in increasing the levels of SGIV-induced cell death. The caspase
3-dependent activation correlated with the phosphorylation of Ec-JNK1 and contributed
to SGIV-induced apoptosis. Taken together, SGIV modulated the phosphorylation of
Ec-JNK1 to inactivate the antiviral signaling, enhance the SGIV-induced apoptosis
and activate transcription factors for efficient infection and replication. The “positive
cooperativity” molecular mechanism mediated by Ec-JNK1 contributes to the successful
evasion and infection of iridovirus pathogenesis.
Keywords: apoptosis, c-Jun N-terminal kinases 1, Epinephelus coioides, replication, Singapore grouper iridovirus
(SGIV), virus infection
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INTRODUCTION
The c-Jun NH2-terminal kinases (JNKs) are one subgroup of
the mitogen-activated protein kinases (MAPKs) family (Davis,
2000; Chang and Karin, 2001; Weston and Davis, 2007). JNKs
can be activated by various extracellular stimuli, including
inflammatory cytokines, environmental stress, UV irradiation,
and pathogen infections (Davis, 2000; Raman et al., 2007; Li
et al., 2012). JNK is required for many aspects of normal
cellular physiology. In mammalian, JNK has been implicated
in the immune response (Rincón et al., 2001; Zhu et al.,
2012), oncogenic transformation (Accardi et al., 2013), cell
survival (Davis, 2000; Hrincius et al., 2010), tumor development
(Kennedy and Davis, 2003), and apoptosis (Verheij et al., 1996;
Suzuki and Matsuoka, 2013). In fishes, JNK molecules play
crucial roles in embryonic development and organogenesis (Seo
et al., 2010; Xiao et al., 2013), and regulation of innate immune
(Taylor et al., 2013). However, the roles and mechanisms of JNK
molecules in pathogen infection are still uncertain.
Viruses have been known to utilize various cellular signaling
pathways to achieve infection and replication (Nguyen et al.,
2007). Recently, the JNK signaling pathway has been shown to be
involved in various viral infections, such as Rotavirus (Holloway
and Coulson, 2006), Coxsackievirus B3 (Si et al., 2005), Human
immunodeficiency virus type 1(HIV-1) (Muthumani et al., 2004),
Influenza virus (Hrincius et al., 2010), varicella-zoster virus
(Zapata et al., 2007), Herpes simplex virus (HSV) (McLean
and Bachenheimer, 1999), Bombyx mori Nucleopolyhedrovirus
(Katsuma et al., 2007), Murine gammaherpesvirus 68 (Stahl
et al., 2012), and Singapore grouper iridovirus (SGIV) (Huang
et al., 2011a). SGIV is a major cause of mortality in fishes,
such as grouper and seabass (Qin et al., 2003; Huang et al.,
2004). The mechanisms of SGIV infection remain largely
unknown, and it appears that multiple factors and cellular
signaling pathways are involved in the infection of SGIV
(Huang et al., 2011c). Our previous study showed that JNK
pathway is important for SGIV replication and modulates
the inflammatory responses during virus infection (Huang
et al., 2011a). Phosphorylation of JNK1/2 and p38 MAPK and
activation of its downstream effectors occurred during active
replication of SGIV in grouper cell. However, the cytopathic
mechanisms of JNK molecules were unclear, and its role
in the infection and replication of SGIV has not yet been
elucidated.
JNK molecules show multiple functions in virus infection.
JNK1 and JNK2 signaling pathways play distinct roles in cell-
mediated antiviral immunity (Arbour et al., 2002). Antiviral
effect of CDF40 requires activation of JNK1/2 (Rau et al.,
2013). Influenza A virus (IAV) protein A/NS1 activates the
JNK that in turn mediates antiviral responses to IAV infection
(Hrincius et al., 2010). However, JNKmolecules are also activated
by virus infection, and play important roles in viral infection
and replication (McLean and Bachenheimer, 1999; Si et al.,
2005; Shi et al., 2012). The activity of JNK has been linked
to virus infection and replication mainly through the effect
of downstream transcription factors, such as c-Jun (Lee et al.,
2011; Stahl et al., 2012), activator protein 1 (AP-1) (Tardif and
Tremblay, 2005; Presser et al., 2013) and NF-κB (Thome et al.,
1999; Shi et al., 2012) on transcriptional regulation of viral genes.
Apoptosis is essential for the maintenance of homeostasis in
the immune system. And apoptotic cell death occurs in a wide
range of viral infections (Clarke and Tyler, 2009; Kinpara et al.,
2013). To ensure their own survival and propagation, viruses
modulate the crucial aspects of host homeostasis, influence the
cell cycle and regulate the apoptotic machinery (Tortorella et al.,
2000; Gougeon and Piacentini, 2009). Virus-induced apoptosis
has been found to be related with activation of c-Jun N-terminal
kinase (Hrincius et al., 2010; Shi et al., 2012), NF-κB, and p53
pathways (Myskiw et al., 2009; Kinpara et al., 2013). As described
previously, SGIV can induce the apoptosis in individual cells
(Huang et al., 2011b). However, little information is known about
the mechanism of SGIV-induced apoptosis, and the roles of JNK
molecules are not well established in the apoptosis.
Orange-spotted grouper, Epinephelus coioides, has served as
a good model for studying protection against viral infection
of iridovirus (Mahardika et al., 2004; Yeh et al., 2008; Huang
et al., 2011c; Ou-yang et al., 2012a) and betanodavirus (Kai
and Chi, 2008; Wu et al., 2012; Yeh et al., 2014) in teleost
fish, and contributed to understand interaction of fish cells
with marine iridovirus (Qin et al., 2006; Guo et al., 2012) and
betanodavirus (Chi et al., 1999; Parameswaran et al., 2007).
In this study, a JNK1 molecule, Ec-JNK1, was derived from
grouper E. coioides. The characterization and roles of Ec-JNK1
on iridovirus infection of SGIV were investigated. Data from
dominant-active and dominant-negative Ec-JNK1 focusing on
the Thr-Pro-Tyr (TPY) motif demonstrated that SGIV activated
Ec-JNK1 to facilitate the efficient infection. Ec-JNK1 promoted
SGIV infection and replication, and the SGIV-induced apoptosis.
However, dominant-negative EcJNK1-1183-185 mutant, which
partially inhibited the activation of Ec-JNK1, showed the
opposite effects. SGIV infection enhanced the activation of Ec-
JNK1, which suppressed the expression of type 1 IFN, and
resulted in increasing viral infectivity. The caspase 3-dependent
activation positively related to the phosphorylation of Ec-JNK1.
Ec-JNK1 activated AP-1, p53, and NF-κB, and increased the
levels of SGIV-induced apoptosis. All results demonstrated that
a “positive cooperativity” molecular mechanism mediated by
Ec-JNK1 contributed to the successful evasion and infection of
iridovirus pathogenesis.
MATERIALS AND METHODS
Fish, Virus, and Cells
Juvenile orange-spotted grouper, E. coioides (length 6–10 cm,
weight 15–30 g) were purchased from a marine-culture farm at
Honghai bay, Shanwei City, Guangdong Province, China. Fishes
were cultured 2 weeks in laboratory and treated as described
previously (Guo et al., 2012) for collection of tissues. In brief, a
series of immune-related tissues, including liver, spleen, kidney,
brain, intestine, heart, skin, muscle, gill, stomach, and head
kidney, were sampled for mRNA extraction. After challenging
with SGIV (5 × 105 TCID50/ml, tissue culture infective dose),
Lipopolysaccharide (LPS, 15mg/kg i.v., Sigma-Aldrich, #L2880),
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and Polyriboinosinic Polyribocytidylic Acid (poly I:C, 10mg/kg
i.v., Sigma-Aldrich, #P9582), tissues of liver and spleen were
dissected from five individuals at indicated times of post-
injection (0, 1, 2, 6, 12, 24, 48, 72, and 96 h). This study involving
animals was carried out in accordance with the recommendations
of “guidelines of the Animal Care and Ethical Committee,
South China Sea Institute of Oceanology, Chinese Academy of
Sciences.” Each group of the samples contained five individuals
to eliminate individual differences. Samples from five individuals
were put together and immediately frozen by liquid nitrogen and
stored at −80◦C until the total RNA extraction. The protocol
was approved by the South China Sea Institute of Oceanology,
Chinese Academy of Sciences.
The virus SGIV (strain A3/12/98 PPD) used in the study
was propagated as described in the literature (Qin et al., 2001).
Two fish cell lines, grouper spleen (GS) (Qin et al., 2006) and
fathead minnow (FHM) epithelial cells (Gravell and Malsberger,
1965), were grown in Leibovitz’s L15 medium andM199 medium
containing 10% fetal bovine serum (Invitrogen, USA) at 25◦C,
respectively.
RNA Extraction and cDNA Synthesis
Tissues of each group were incubated with liquid nitrogen,
transferred to a mortar (RNase free) and ground to a fine
powder. TRIzol reagent were then used to save samples. Total
RNA of grouper tissues was extracted using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. Agarose
gel electrophoresis was performed to examine the quality of total
RNA. Then, total RNA was transcribed to cDNA by ReverTra
Ace Kit (TOYOBO, Japan). First-strand cDNAs for 3′RACE and
5′RACE were synthesized from total liver RNA with SMART™
RACE cDNA amplification kit (Clontech, USA).
Cloning and Sequencing JNK1 from
E. coioides (Ec-JNK1)
To identify grouper JNK1 cDNA sequence, primers Ec-JNK1F1
and Ec-JNK1R1 (Table 1) were designed by comparing the
known fish JNK1 sequences, such asDanio rerio (NM_131721.1),
Monopterus albus (EF661977.1), and Carassius auratus
(EU374209.1). Primers Ec-JNK1F1 and Ec-JNK1R1 were
used to amplify the partial sequence of Ec-JNK1 from liver
cDNA. According to the partial sequence, primers 3′EcJNK1F1
and 3′EcJNK1F2, 5′EcJNK1R1 and 5′EcJNK1R2 (Table 1) were
designed to obtained the full-length cDNA of Ec-JNK1 from
first-strand cDNAs of 3′RACE and 5′RACE according to the
manufacturer’s protocol of SMART™ RACE cDNA amplification
kit. BioEdit and Expasy search program (http://au.exasy.org/
tools/) was used to analyze the nucleotide and predicted amino
acid sequences of Ec-JNK1. SMART program (http://smart.
embl-heidelberg.de/) was used to predict the domain structure.
The BLASTP search program at the NCBI (http://www.ncbi.
nlm.nih.gov/blast) was performed to analyze the similarity of
Ec-JNK1 with other JNK1s. Clustalx 1.83(http://www.ebi.ac.uk/
clustalW/) and MEGA 4.0 software (http://megasoftware.net/)
were used for the multiple-sequence alignment of the reported
JNK1 amino acid sequences and construction of phylogenetic
tree, respectively.




















The underlined text means enzyme digestion sites (pET32a-EcJNK1F, pET32a-
EcJNK1R, pcDNA-EcJNK1F, pcDNA-EcJNK1R) and mutant sites (EcJNK1mutantF,
EcJNK1mutantR) added in the designing primers.
Expression Profiles of Ec-JNK1 In vivo
Primers RT-EcJNK1F and RT-EcJNK1R (Table 1) were used
for expression profiles of Ec-JNK1 in tissue distribution and
pathogenic challenge by Real-time quantitative PCR (RT-qPCR).
Primers ActinF and ActinR (Table 1) were used to amplify the
internal control β-actin. The cDNAs of each group were used as
the template. RT-qPCR was performed on Roche LightCycler R©
480 Real-time PCR system (Roche, Switzerland), using “2 ×
SYBR Green Real-time PCR Mix” (TOYOBO, Japan). Cycling
conditions were used as follows: 95◦C for 3min, followed by 40
cycles of 5 s at 94◦C,10 s at 55◦C, and 15 s at 72◦C. The expression
assay was performed in triplicate. All data were analyzed as
previously described (Guo et al., 2012), normalized relative
to β-actin expression, and given in terms of relative mRNA
expression level as means ± standard deviation (S.D.). For
challenge assays, the data among different times were statistically
analyzed using the multiple comparisons of LSD and Duncan
methods containing in One-Way ANOVA of software SPSS 16.0.
Expression of Recombinant Protein and
Preparation of Antiserum
Primers pET32a-EcJNK1F and pET32a-EcJNK1R (Table 1) were
used to amplify the open reading frame (ORF) region of Ec-
JNK1 from grouper liver cDNA. The target sequence was
cloned in vector pET32-a (+) (Novagen, Germany). Plasmid
pET32a-EcJNK1 was transformed into Escherichia coli BL21
(DE3). Recombinant protein was expressed under condition of
isopropyl-1-thio-β-D-galactopyranoside (IPTG, 1.0mM; Merke,
Germany) at 16◦C, 200 rpm for 10 h. The protein Ec-JNK1
was purified from inclusion bodies of recombinant E. coli and
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FIGURE 1 | Expression profiles of Ec-JNK1 in vivo quantified by
RT-qPCR. (A) Tissue distribution of Ec-JNK1 in juvenile orange-spotted
grouper. Immune responses of Ec-JNK1 in spleen (B) and liver (C) after
groupers challenged with LPS, SGIV, and poly I:C, respectively. The
experiments were done in triplicate. All data were normalized relative to β–actin
and represented by means ± standard deviation (S.D.) (n = 3). Statistical
analyses among different times of pathogenic challenge were performed using
multiple comparisons of LSD and Dancan in One-Way ANOVA of software
SPSS 16.0. *p < 0.05; **p < 0.01.
solubilized with 6 mol l−1 guanidinium hydrochloride, 0.1 mol
l−1 Tris-HCl (pH 8.5), 0.1 mol l−1 dithiothreitol, 1mmol l−1
EDTA (Müller and Rinas, 1999). The protein concentration of
Ec-JNK1 was quantified with phosphate buffer saline (PBS). The
polyclonal antibody of Ec-JNK1 was produced by immunizing
BALB/c mice according to the conventional method (Sambrook
et al., 1989) and collected for the following experiment. The
control, pre-immune mouse serum, was obtained after skin
injection with PBS. Twelve percent sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS–PAGE) was performed
to examine the recombinant protein of Ec-JNK1. To detecting
FIGURE 2 | Detection for recombinant protein and antibody of
Ec-JNK1. (A) Protein expression and antibody preparation for Ec-JNK1. M,
Protein marker; 1, purified protein of Ec-JNK1; 2, sediment of induced product
for pET-32a-EcJNK1; 3, pET-32a-EcJNK1 in BL21 (DE3), IPTG induced for
12 h; 4, pET-32a (+) expressed product; 5, 6, purified protein of Ec-JNK1 was
detected with mouse anti-EcJNK1 serum and pre-immune mouse serum by
western blot, respectively; 7, 8, GS cell lysate was used to detect the
specificity of antibody with mouse anti-EcJNK1 serum and pre-immune mouse
serum by western blot, respectively. (B) Mouse anti-EcJNK1 serum (line
Ec-JNK1) and pre-immune mouse serum (line negative) were used to detect
FHM cells stably expressing pcDNA-EcJNK1, pcDNA-EcJNK1-1183-185
mutant, and pcDNA3.1 (control). a, FHM/pcDNA-EcJNK1; b,
FHM/pcDNA-EcJNK1-1183-185; c, FHM/pcDNA3.1; N, FHM.
the specificity of the obtained antibody of Ec-JNK1, the
purified protein and GS cell lysate were separated and used to
detect obtained Ec-JNK1 antibody by western blot as described
previously (Guo et al., 2012). The mouse anti-EcJNK1 serum and
pre-immunemouse serum diluted to 1:2000 were used as primary
antibody, andHRP-conjugated goat anti-mouse antibody (Pierce,
USA) was served as secondary antibody at a dilution of 1:2000.
In addition, three screening cell lines, FHM/pcDNA-EcJNK1,
FHM/pcDNA-EcJNK1-1183-185, and FHM/pcDNA3.1 (5 ×
105), were separated by 12% SDS-PAGE and detected with the
antibodies above by western blot to confirm the specificity of anti-
EcJNK1 serum and define the screening cell lines. The β-actin
was used as the internal controls and examined with Rabbit anti-
β-actin antibody (Cell Signaling, 13E5, #4970) at a dilution of
1:1000. HRP-labeled goat anti-Rabbit antibody (Pierce, USA) at
a dilution of 1:1000 was used as the secondary antibody.
Immunofluorescence Staining
Immunofluorescence staining was performed to examine the
sub-cellular localization of Ec-JNK1. GS cells (5 × 105) were
either mock- or infected with SGIV (0.5 MOI). At 0, 2, and
24 h post-infection (p.i.), GS cells were fixed in 4% buffered
paraformaldehyde at 4◦C for 2 h, permeabilized for 15min and
blocked with 2% bovine serum albumin (BSA) for 30min. Ec-
JNK1 in GS cells was fluorescently labeled using polyclonal
antibody of Ec-JNK1 (1:100) for 2 h and FITC-conjugated goat
anti-mouse IgG antibody (Pierce, USA) for 1 h. Nuclei or viral
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DNA were stained with 4′, 6-diamidino-2-phenylindole (DAPI,
1µg/mL; Sigma, USA). Staining cells were then undergone
fluorescence microscopic observation. To confirm the specificity
of anti-EcJNK1 serum and sub-cellular localization of Ec-JNK1,
mock-, or infected (24 h p.i.) GS cells were immunofluorescently
stained with the control pre-immune mouse serum as methods
above.
Over-Expression of Ec-JNK1 and
Dominant-Negative EcJNK1-1183-185
Mutant
The plasmid pcDNA-EcJNK1 was constructed in vector
pcDNA3.1 (+) (Invitrogen, USA) using primers pcDNA-
EcJNK1F and pcDNA-EcJNK1R (Table 1). Site-directed
mutagenesis was carried out to generate the TPY dominant-
negative mutant of EcJNK1-1183-185 using the overlap-PCR
method (Heckman and Pease, 2007). Threonine 183 and tyrosine
185 of Ec-JNK1 were replaced with alanine and phenylalanine
using primers pcDNA-EcJNK1F and EcJNK1mutantR,
EcJNK1mutantF and pcDNA-EcJNK1R (Table 1), respectively.
The mutant fragment of EcJNK1-1183-185 was cloned in
pcDNA3.1 (+) vector. Then, plasmids of pcDNA-EcJNK1,
pcDNA-EcJNK1-1183-185 and pcDNA 3.1 (+) (the control)
were confirmed by sequencing and transfected into FHM cells
as methods described previously (Guo et al., 2012). Screening
cell lines stably expressing the three plasmids were obtained
by selecting with 400 ng/mL G418 (Sigma-Aldrich, USA) for 4
weeks.
Activities of Ec-JNK1 and
Dominant-Negative EcJNK1-1183-185
Mutant In vitro
To study the role of Ec-JNK1, cells of FHM/pcDNA-EcJNK1,
FHM/pcDNA-EcJNK1-1183-185, and FHM/pcDNA3.1 (5 ×
105) were either mock- or infected with SGIV (0.5 MOI).
Transcriptional analysis was performed to define the expression
levels of both wild type and mutant Ec-JNK1. In brief, mock-
cell samples above were harvested for RNA extraction and
cDNA synthesis, and then the expression profiles of vector
pcDNA3.1 and Ec-JNK1 which were assessed by qRT-PCR
with primers RT-pcDNAF and RT-pcDNAR, RT-EcJNK1F,
and RT-EcJNK1R (Table 1). β–actin was amplified as internal
control. The quantitative mRNA expressions were assessed by
electrophoresis on 1.2% agarose gel. In addition, western blot
above has been performed to define the screening cell lines. In
parallel, mock- and infected cells (2, 6, 12, 24, and 48 h p.i.)
were collected and re-suspended in PBS containing 1 × SDS
loading buffer. Phosphorylation of JNK and transcription factors
c-Jun was examined by western blot. Anti-phospho-JNK/SAPK
(Cell Signaling, #4668), anti-SAPK/JNK (Cell Signaling, #9252),
anti-phospho-c-Jun (Cell Signaling, #9261) and anti-c-Jun (Cell
Signaling, #9165) antibodies at a dilution of 1:1000 were
used as the primary antibody, respectively, and detected
with HRP-labeled goat anti-Rabbit antibody as method above.
Immunoreactive bands were visualized with SuperSignal West
Pico chemiluminescent substrate (Pierce, USA), followed by
autoradiagraphy. Simultaneously, the productions of SGIV
immediate-early gene ORF086R involved in cell growth control
and virus replication (Xia et al., 2009), and SGIV early gene
ORF136 associated with mitochondria (Huang et al., 2008), were
detected by western blot to reveal the infection process of SGIV.
β-actin was detected as internal controls.
At 24 and 48 h p.i., mock- or infected cells were observed
by microscopy (Leica). All cells were harvested to examine the
replication of SGIV. Equal amounts of cell lysate extracts were
subjected to the SDS-PAGE and western blot analyses. The viral
structure proteins of late stage gene ORF39L and ORF072 were
detected using mouse anti-SGIV ORF39L serum (Zhang et al.,
2015) and anti-SGIV ORF 072 serum (Ou-yang et al., 2012b) at
a dilution of 1:2000, respectively. The internal controls were β-
actin that examined as method above. In parallel, the cell viability
was determined using the trypan blue exclusion test. Mock-
or infected cells were collected and incubated in 0.2% trypan
solution (Sigma) for 5min. The dead cells of each sample were
counted by three independent hemocytometer counts. The cell
viability was presented as percentage of viable cells over total
number of cells. At 24 and 48 h p.i., supernatants and infected
cell lysates were collected to determine the viral titer 50% tissue
culture infectious dose (TCID50) (Reed and Muench, 1938).
Each experiment was repeated three times with each comprising
triplicates.
Effect of Ec-JNK1 and Dominant-Negative
Ec-JNK1-1183-185 Mutant on
SGIV-Induced Apoptosis
To determine the function of Ec-JNK1 on SGIV-induced
apoptosis, three FHM cells above (5×105) were plated onto glass
cover slips in six well plates and inoculated with SGIV or PBS.
At 24 h p.i., the cells were washed with PBS and incubated with
4% paraformaldehyde for 1 h. After fixation, cells were stained
with 1µg/ml Hoechst 33258 (Sigma) in PBS for 5min at room
temperature. After washing with PBS, slips of nucleus staining
were observed under fluorescent microscope (Leica).
The percentages of apoptotic cells were quantified by flow
cytometry analyses as described previously (Huang et al., 2011b).
Briefly, mock- or infected cells were harvested and fixed in 70%
ice-cold ethanol overnight at−20◦C. After washing with PBS, the
cells were centrifuged at 500× g and incubated for 30min in PBS
containing propidium iodide (PI, 50µg/mL; Sigma) and DNase-
free RNase A (100µg/mL; Sigma). Cells (4 × 104) stained with
PI fluorescence were measured with a FAC-Scan flow cytometer
(Becton-Dickinson). The obtained data was analyzed using the
Cellquest software (Becton-Dickinson).
The changes of mitochondrial membrane potential (19m),
the central point of apoptosis (Desagher and Martinou, 2000;
Kroemer et al., 2007), were evaluated during SGIV infection.
Cells of FHM/pcDNA-EcJNK1, FHM/pcDNA-EcJNK1-1183-
185, and FHM/pcDNA3.1 (5 × 105), were stained with JC-
1 (Molecular Probes, #T3168) according to the manufacturer’s
instructions. At 24 h p.i., mock- and infected cells were washed
with PBS and incubated with JC-1 (15µg/mL) solution for
20min. Then, the incubation buffer was replaced with fresh
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medium. Cells were immediately observed by the fluorescent
microscope (Leica). JC-1, a lipophilic and cationic dye, can
selectively accumulate into mitochondria and reversibly change
color from green to red as the membrane potential increases.
Mitochondrial depolarization is indicated by a decrease in
the red/green fluorescence ratio. Flow cytometry analyses were
performed to determine the percentages of cells with decreased
19m. Mock- and infected cells (5 × 105) were stained with
JC-1 (15µg/mL) solution for 15min and centrifuged at 500
× g for 10min. The cells were re-suspended in 0.5ml cell
culture medium. Staining cells (4 × 104) were examined
with the flow cytometer according to the manufacturer’s
protocol.
Caspase-3 plays typical role in apoptosis. The activities of
caspase-3 were detected using fluorometric protease assay kits
(BioVision) according to the manufacturer’s protocol. Mock-
and infected cells (5 × 105) were harvested at 3, 6, 12, 18,
24, and 48 h p.i., and homogenized in lysis buffer. The cell
lysates were stored at −80◦C. The lysates were thawed on
ice for 10min, centrifuged at 10,000 × g at 4◦C for 2min.
Then the supernatant was transferred to a fresh tube and
put on ice. An equal concentration protein was used for
each sample. All samples were added with the reaction buffer
and incubated at 37◦C for 2 h. A multifunctional microplate
reader (Victor X5; PerkinElmer), which was equipped with a
400 nm excitation filter and 505 nm emission filter, was used
to detected the caspase-3 activity. The data were expressed as
fold-increase by comparing these results with the level of the
mock-infected cells.
Reporter Gene Assays
Plasmids of AP-1-Luc, p53-Luc, NF-κB-Luc, ISRE-Luc
(Clontech, USA), and INF-Luc (Cui et al., 2011) were used
to measure the activations of reporter genes AP-1, p53, NF-κB,
IFN, and ISRE during the SGIV infection. In brief, FHM
cells (5 × 105) were co-transfected with 200 ng of plasmids
above, 100 ng of pSV-β-galactosidase vector (Promega, USA)
and 400 ng of pcDNA-EcJNK1, or pcDNA-EcJNK1-1183-
185, or pcDNA3.1 using LipofectamineTM 2000 Reagent.
At 16 h post-transfection, FHM cells were either mock- or
infected with SGIV (at 0.5 MOI) for 48 h. Then, the cells
were collected for the following test. Activities of luciferase
and pSV-β-galactosidase of total cell lysates were detected
with Luciferase assay system (Promega, USA). Luciferase
activities were normalized to β-galactosidase enzymatic
activity.
Statistical Analyses
All assays were carried out for three times. Results were
represented as means ± S.D. Software SPSS 16.0 was
used for statistical analysis of all data. In brief, data were
statistically analyzed using Student’s t-test. One-Way ANOVA
was performed to analyze data over two groups. Multiple
comparisons of LSD and Duncan were chosen as post hoc
tests. The results of LSD and Duncan methods were consistent.
The values of P < 0.05 and P < 0.01 were presented as
statistically significant and highly significant, respectively.
Statistic differences were indicated as ∗p < 0.05; ∗∗∗p < 0.01.
RESULTS
Sequence Analysis of Ec-JNK1
The full-length cDNA of Ec-JNK1 (GenBank accession
no.KJ858685) was 1793 bp in length, which contained a 322 bp
5′ terminal untranslated region (UTR), 316 bp 3′UTR, and a
1155 bp ORF encoding a putative protein of 384 amino acids
(GenBank accession no. AIK19653) residues with predicted
molecular mass of 44.2 kDa. Position 26–321 of the predicted
amino acid sequence was the domain of Serine/Threonine
protein kinase (S_TKc), which contained a conserved dual
phosphorylation motif TPY at the position of 183–185 (Figures
S1, S2). Similar to other reported JNK1 from vertebrates, catalytic
domain of the Serine/Thronine kinase, c-Jun N-terminal kinase
(STKc_JNK) was at the position 25–360, among which contained
a Serine/Threonine protein kinases active site signature (Figure
S2). The JNK1 subfamily of Osteichthyes was conserved
according to the alignment of the JNK1 amino acid sequences
in various species. Ec-JNK1 shared 99% identity to Pundamilia
nyererei. The phylogenetic tree of vertebrate JNK1 consisted
of two major branches, and Ec-JNK1 was clustered into the
Osteichthyes branch. Chondrichthyes were more closely related
with amphibian and mammals (Figure S3).
Expression Profiles of Ec-JNK1 In vivo
A constitutive expression of Ec-JNK1was distributed in all tissues
examined in orange-spotted grouper (Figure 1A). Ec-JNK1 was
expressed a high amount in liver, muscle, skin, brain, kidney,
and gill, while a few in spleen, intestine, heart, head kidney
and stomach. To explore the immune responses of Ec-JNK1 in
pathogenic challenges, the relative expression of Ec-JNK1 were
analyzed after the fish was injected with LPS, SGIV and poly I:C.
Ec-JNK1 transcripts were significantly (P < 0.01) up-regulated
and peaked at different post-injection times (LPS at 6 h, SGIV at
24 h, and poly I:C at 2 h) in both spleen and liver (Figures 1B,C).
Expression of Recombinant Protein and
Preparation of Antibody for Ec-JNK1
Positive clone of E. coli BL21 containing plasmid pET32a-
EcJNK1 successfully expressed recombinant protein of Ec-JNK1,
which contained a 17.7 kDa TRX-His-S tag and the predicted
44.2 kDa Ec-JNK1 (Figure 2A). IPTG induced the recombinant
protein of Ec-JNK1 (lane 3), which was contained in the sediment
of bacterial lysate (lane 2). The purified protein of Ec-JNK1
(lane1) was used to produce the antibody. The validation and
specificity of mouse anti-EcJNK1 serum was confirmed by
western blot with purified protein of Ec-JNK1, host (GS) cells
(Figure 2A, lane 5–8) and non-host (FHM) cells successfully
translated exogenous JNK1 (Ec-JNK1; Figure 2B). The mouse
anti-EcJNK1 serum and pre-immune mouse serum (control),
were obtained and used to detect the purified protein of Ec-
JNK1 (lane 5, 6) and GS cell lysate (lane 7, 8), respectively. The
protein expression levels of Ec-JNK1 were different among three
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screening cell lines, which translated empty vector pcDNA3.1,
wild type (Ec-JNK1), and mutant JNK1(EcJNK1-1183-185;
Figure 2B, line Ec-JNK1).
Immunofluorescence Staining
The subcellular localization and immune responses of Ec-
JNK1 were determined by immunofluorescence staining using
mouse anti-EcJNK1 serum. In mock- GS cells, Ec-JNK1 was
localized in both nucleus and cytoplasm. After infection
with SGIV, the localization remained the same situation at
indicated times of post-infection. The nucleus (red arrow)
of mock and infected cells was positive after testing with
the antibody of Ec-JNK1. No protein of Ec-JNK1 was found
in the inclusion body (virus assembly sites, white arrow,
Huang et al., 2008, 2011a,b). No green fluorescence signal
was observed in cells detected by pre-immune mouse serum
(Figure 3).
Activity of Ec-JNK1 on SGIV Infection
In vitro
Method over-expressing dominant-active and/or dominant-
negative gene was used to examine the function of Ec-JNK1
in vitro. Three FHMcells stably over-expressing pcDNA-EcJNK1,
pcDNA-EcJNK1-1183-185, and pcDNA3.1 vector (control)
(Figure 4A) were screened and cultured to study the roles of Ec-
JNK1 on SGIV infection. Wild type and mutant Ec-JNK1 were
successfully translated in the screening cell lines (Figure 2B). The
high specificity of mouse anti-EcJNK1 serum made the mutant
Ec-JNK1 slightly less expression than wild type. To detect the
total amounts of JNK (exogenous and endogenous), commercial
JNK antibody with multiple species reactivity was used as the
primary antibody and detected with chemiluminescent substrates
(more sensitive) but not colorimetric reagents. Therefore, the
total amounts of JNK were detectable in three cell lines
(Figure 4B) and not so changes as Figure 2B. Compared to
FIGURE 3 | Intracellular localization of Ec-JNK1 using immunofluorescence staining (bar = 20 µm). GS cells were cultured and adhered for 24 h in six-well
plates. Immunofluorescence staining was performed to detect the localization of Ec-JNK1 using mouse anti-EcJNK1 serum and Goat anti-mouse IgG-FITC.
Pre-immune mouse serum was used as the control. Blue images show the location of the nucleus, stained by DAPI. Red arrows represent the nucleus staining by
FITC. White arrows indicate the inclusion body (viral assembly sites).
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FIGURE 4 | Activities of Ec-JNK1 and dominant-negative EcJNK1-1183-185 mutant on SGIV infection and replication in vitro. (A) Detection of pcDNA3.1
and Ec-JNK1 mRNA expression in screening FHM cells. Lane a, FHM/pcDNA-EcJNK1; Lane b, FHM/pcDNA-EcJNK1-1183-185; Lane c, FHM/pcDNA3.1; N,
(Continued)
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FIGURE 4 | Continued
negative control (FHM). Line pcDNA3.1 and line Ec-JNK1 represented the expression of pcDNA3.1 and Ec-JNK1. Lane a, b, and c represented the same FHM cell
throughout this figure. (B) The activation of p-JNK and p-c-Jun, protein accumulation of JNK, c-Jun, SGIV immediate-early gene ORF86R, and early gene ORF136 in
three cell lines detected by western blot. Compared to the pcDNA3.1 (lane c), Ec-JNK1 (lane a), and dominant-negative EcJNK1-1183-185 mutant (lane b) showed
opposite effects on the host endogenous JNK and c-Jun phosphorylation and viral protein accumulation of ORF86R and ORF136 during SGIV infection. Total
amounts of JNK and c-Jun remained unchanged during SGIV infection. (C) Phase microscopy observation of SGIV infection induced CPE in three FHM cell lines
above. Ec-JNK1 promoted the process of CPE, while EcJNK1-1183-185 mutant inhibited it. (D) Accumulation of viral protein SGIV ORF39L and ORF072 in three cell
lines above during SGIV infection. EcJNK1-1183-185 mutant inhibited the production of viral proteins above (Lane b), while Ec-JNK1 increased it (Lane a). M, Protein
Marker. (E) Cell viability of SGIV infection in three cell lines above. The viable cells were counted using trypan blue test. (F) Comparison of virus titers to SGIV infection
in three cell lines. Ec-JNK1 significantly increased the infectivity of SGIV, while dominant-negative Ec-JNK1-1183-185 mutant decreased it. Experiments above
repeated three times. Data of (E,F) represent the means ± S.D. (n = 3). *p < 0.05; **p < 0.01.
the control (FHM/pcDNA3.1, Figure 4B, lane c), FHM/pcDNA-
EcJNK1 over-expressed the dominant-active Ec-JNK1, promoted
the phosphorylation of endogenous JNK and c-Jun, and
increased the protein accumulation of SGIV immediate-early
gene ORF086R and early gene ORF136 (Figure 4B, lane a).
However, the dominant-negative Ec-JNK1-1183-185 mutant,
partially inhibited the phosphorylation of JNK, showed the
opposite effects (Figure 4B, lane b). The altered levels of
phosphorylated p-JNK and c-Jun were direct substrates of
dominant-active and dominant-negative Ec-JNK1, because
total amounts of JNK (exogenous and endogenous) and c-
Jun remained unchanged during SGIV infection (Figure 4B).
Wild type and mutant JNK1 showed contrary functions
on the infection and replication cycle of SGIV. Inhibition
of phosphorylation of JNK and c-Jun by EcJNK1-1183-
185 mutant highly reduced the viral gene transcription and
protein expression. At 24 and 48 h p.i., a high amount
cytopathic effect (CPE) was observed in FHM/pcDNA-EcJNK1
and FHM/pcDNA3.1 cells, while a few in FHM/EcJNK1-1183-
185 cells (Figure 4C). Comparing to mock infection, Ec-JNK1
increased the productions of viral structure protein ORF39L
and ORF072 (major capsid protein), while the EcJNK1-1183-
185 mutant decreased them (Figure 4D). Ec-JNK1 significantly
decreased the cell viability (40.92% at 24 h p.i. and 16.56% at
48 h p.i.) compared to that of the control (48.02% at 24 h p.i. and
25.50% at 48 h p.i.), while dominant-negative EcJNK1-1183-185
mutant significantly increased it (52.93% at 24 h p.i. and 30.33%
at 48 h p.i.) during the SGIV infection(Figure 4E). Ec-JNK1
significantly increased the infectivity of SGIV. At 24 and 48 h p.i.,
the virus titers TCID50 of Ec-JNK1 cell lysates were 6.24 ± 1.04
and 6.31 ± 1.04 times higher than that of the dominant-negative
Ec-JNK1-1183-185 mutant, and 1.99 ± 1.11 and 3.59 ± 0.82
times higher than that of the control (Figure 4F).
Effect of Ec-JNK1 on SGIV-Induced
Apoptosis
SGIV infection induced typical apoptosis in FHM cells. After
staining with Hochest, we found that Ec-JNK1 increased
the formation of apoptotic bodies compared to that of the
control, while dominant-negative EcJNK1-1183-185 mutant
decreased it (Figure 5A). Prominent sub-G0/G1 peaks (M4),
which represented the apoptotic cells, were detected by flow
cytometry analyses after infecting with SGIV (Figure 5B). At
24 h p.i., the percentage of apoptotic cells increased significantly
in FHM/pcDNA-EcJNK1 (30.23%) compared to that of the
control (23.97%), while highly decreased in FHM/pcDNA-Ec-
JNK1-1183-185 (16.48%; Figure 5C).
Mitochondrial function impacts greatly on the cell death and
survival on apoptosis. Ec-JNK1 promoted the mitochondrial
depolarization during SGIV infection. The dye JC-1 was
accumulated in the mitochondria and appeared bright red
in mock- cells. At 24 h p.i., the cytoplasm of apoptotic cell
with green fluorescence was increased in FHM/pcDNA-EcJNK1
compared to that of the control, but decreased in FHM/pcDNA-
EcJNK1-1183-185 (Figure 6A). At 24 h p.i., the percentage of
cells with depolarized 19m (apoptotic cells) was significantly
increased in cells over-expressing Ec-JNK1 (R2 = 42.19%)
compared to that of the control (R2 = 34.61%), while decreased
in cells expressing the dominant-negative EcJNK1-1183-185
mutant (R2 = 29.39%; Figures 6B,C). The percentages of cells
containing red JC-1 aggregates (R1) were also significantly
different among the three cell lines. So was the cells staining with
red and green (R3; Figure 6C).
Ec-JNK1 increased the activities of caspase-3 in SGIV-induced
apoptosis. The activities of caspase-3 in three cell lines were
significantly changed and reached a peak level at 12 h p.i. during
SGIV infection. The activity of caspase-3 was also significantly
different among the three cells from 3 to 48 h p.i. (Figure 7). At
12 h p.i., cells over-expressing Ec-JNK1 significantly enhanced
the activity of caspase-3 (fold changes = 8.19 ± 0.18) compared
to that of the control (fold changes = 6.80 ± 0.18). However,
cells expressing dominant-negative EcJNK1-1183-185 mutant
(fold changes = 5.87 ± 0.17) highly inhibited it. It indicated
that the SGIV-induced apoptosis was caspase-3-dependent.
Ec-JNK1 promoted the caspase-3-dependent apoptosis, while
dominant-negative mutant inhibited it in vitro.
Activation of Reporter Genes
Pathway-specific reporter genes were measure in FHM cell to
investigate the role of Ec-JNK1 in cell signal transduction and
SGIV infection. All examined reporter genes were significantly
activated after infecting with SGIV. At 48 h p.i., the activities of
AP1-Luc, p53-Luc and NF-κB-Luc were significantly (p < 0.01)
increased in cells transfected with pcDNA-EcJNK1 (fold changes
=40.89 ± 4.20, 43.75 ± 4.72, and 12.38 ± 0.89) compared to
that of the control pcDNA3.1 (fold changes =27.02 ± 2.68,
25.25 ± 3.77, and 5.96 ± 0.46), but significantly decreased
(p < 0.01) in cells transfected with pcDNA-EcJNK1-1183-
185 (fold changes = 15.56 ± 2.72, 9.44 ± 1.64, and 3.64
± 0.47) (Figures 8A–C). However, the activities of IFN-Luc
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FIGURE 5 | Roles of Ec-JNK1 and dominant-negative EcJNK1-1183-185 mutant on SGIV-induced apoptosis. (A) Cellular nuclear morphology in SGIV
infected stable cells. The nucleus were stained with Hoechst 33342 and observed under fluorescence microscopy. Arrows showed the apoptotic bodies. (B) Flow
cytometry analysis of DNA content in mock- and/or SGIV-infected cells. The quantitative analysis of apoptotic cells in hypodiploid DNA peak (M4, sub-G0/G1
population) was calculated by sub-G0/G1 population/total cell cycle populations and shown in each plot. (C) The percentages of apoptotic cells from three
independent experiments were indicated on the histogram and statistically analyzed. Error bars indicate S.D. *p < 0.05; **p < 0.01.
were opposite. Compared to that of pcDNA3.1 (fold changes
= 2783.61 ± 26.85), Ec-JNK1 significantly inhibited (p <
0.01) the activation of IFN-Luc (fold changes = 5.96 ± 0.83),
while EcJNK1-1183-185 mutant promoted it (fold changes
= 4673.11 ± 382.09) (Figure 8E). The activities of ISRE-Luc
showed no significant differences among cells transfected with
pcDNA-EcJNK1, pcDNA-EcJNK1-1183-185 and/or pcDNA3.1
(Figure 8D).
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FIGURE 6 | Different changes of 19m in screening cell lines on SGIV-induced apoptosis. (A) Immunofluorescence microscopy observation of 19m in mock-
and/or SGIV-infected cells. Cells with a decreased 19m omitted with green fluorescence (arrowheads). (B) Quantitative analysis of cells with depolarized 19m during
the SGIV infection by flow cytometry. FL1-H and FL2-H mean the green and red fluorescence by JC-1 staining. R1, healthy cells detected in FL2-H containing red
JC-1 aggregates. R2, apoptotic cells detected in FL1-H containing green JC-1 monomers. R3, cells changed from healthy to apoptosis (staining with red and green
fluorescence). (C) Statistical analysis of fold changes of 19m. R1, R2, and R3 represented the percentage of cells mentioned above. Multiple comparisons of LSD
and Dancan in One-Way ANOVA were used to analyze the fold changes of 19m among three cell lines during SGIV infection. *p < 0.05; **p < 0.01.
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FIGURE 7 | Measurement of caspase-3 activity in screening cell lines
during SGIV infection. Ec-JNK1 significantly increased the activity of
caspase-3 compared to that of the control, while dominant-negative
EcJNK1-1183-185 mutant decreased it. Fold changes of caspase-3 activity
among three cell lines were statistically analyzed using multiple comparisons of
LSD and Dancan in One-Way ANOVA. *p < 0.05; **p < 0.01.
DISCUSSION
There are three genes, JNK1, JNK2, and JNK3 in the JNK
family which all contain TPY in their activation motif (Kyriakis
et al., 1994). In this study, a JNK1, Ec-JNK1, was obtained and
characterized. It contains a TPY motif in the multi-domains
S_TKc. Phylogenetic analysis suggests that JNK1 is evolutionarily
conserved. The expressions of JNK1 and JNK2 have been
found to be ubiquitous, while the expression of JNK3 is brain-
specific (Davis, 2000; Zhang and Dong, 2007). JNK1 involves
in innate immune (Rincón et al., 2001; Arbour et al., 2002;
Chen et al., 2007). Ec-JNK1 was found to distribute in all
examined immune tissues and showed pathogenic-dependent
immune response in juvenile grouper. The different reaction
time of JNK1 in individual and/or cell could be related with
infecting time of SGIV. SGIV injected in muscle of grouper
needs time to reach and infect cells of spleen and liver, while
direct infection of SGIV in FHM cell activates JNK1 early
after infection (more quickly). Phosphorylation and activation of
JNKs has crucial impacts on the viral infection (Nacken et al.,
2014; Berard et al., 2015). The localization of Ec-JNK1 showed
no changes during SGIV infection. However, phosphorylation
of JNK (2 h p.i.) and c-Jun (24 h p.i.) was activated and
respectively located in the nuclear and inclusion body of SGIV-
infected cell, and no changes were found in the total amounts
of JNK (Huang et al., 2011a). These data demonstrate that
phosphorylation of JNK1 could be very important in SGIV
infection. Therefore, ectopically expression of dominant-active
(Ec-JNK1) and dominant-negative Ec-JNK1 (EcJNK1-1183-185
mutant, which partially inhibited the phosphorylation of Ec-
JNK1) were employed to study its functions in SGIV infection.
JNK molecules are required for virus entry and gene transfer
(Lee et al., 2011) and replication (McLean and Bachenheimer,
1999; Pan et al., 2006). Similar to EAGS cells (Huang et al., 2011a),
phosphorylation JNK was spiked at early stage of SGIV infection
in FHM cell. Amplification of JNK signaling is necessary for
completing the viral replication of murine gammaerpesvirus
cycle (Stahl et al., 2012). Ec-JNK1 was found to promote the
SGIV infection and replication and the phosphorylation of c-
Jun, while the dominant-negative EcJNK1-1183-185 mutant
showed the opposite effects. The dual phosphorylation motif
TPY of JNK is important for transferring signals from the cell
membrane to nuclear transcription factors, by increasing their
ability to activate transcription factors (Kyriakis et al., 1994;
Dong et al., 2002; Stahl et al., 2012). Virus seems to activate
the JNK-AP-1 pathway to promote infection (Kumar et al.,
1998; Holloway and Coulson, 2006; Berard et al., 2015). The
JNK signal pathway represents a major physiological mechanism
of regulation of c-Jun that relates to AP1 (Gupta et al., 1996;
Davis, 2000). Mediation through c-Jun/AP1 was found in the
mechanisms involved in JNK-mediated virus replication (Stahl
et al., 2012; Berard et al., 2015) and/or virus-induced cell death
(Yin et al., 2012). The SGIV infection activated AP-1 (Huang
et al., 2011a), and the activation of AP-1 was found to require
activation of JNK1 and c-Jun. In addition, activation of Ec-JNK1
was triggered by SGIV initially entry (peaked at about 2 h).
Chemical inhibitor SP600125 (Huang et al., 2011a) or dominant-
negative EcJNK1-1183-185 mutant significantly reduced but
did not eliminate SGIV entry and replication, which likes the
lentivirus, a “positive cooperativity” mechanismmight be at work
(Lee et al., 2011).
To efficiently infect and replicate, SGIV modulated JNK1
to inactivate the antiviral signaling, enhance the SGIV-induced
apoptosis and activate transcription factors. Viruses have evolved
elaborate strategies to evade detection and destruction by
host immune responses, including targeting pathways for
antigen presentation, programmed cell death, and cytokine-
and chemokine-mediated signaling (Tortorella et al., 2000;
Ciccaglione et al., 2007). Virus can modulate and/or interfere
with host innate immunity by inactivating antiviral gene and
signaling, such as interferon (IFN; Hengel et al., 2005; Ambrose
and Mackenzie, 2011; Taylor and Mossman, 2013). SGIV
activated Ec-JNK1 to inhibit the production of type I IFN
independent of ISRE activation. Virus-induced apoptosis follows
a pro-apoptosis pathway involving the activation of JNK (Clarke
et al., 2004; Beckham et al., 2007), NF-κB (Santoro et al., 2003;
Hansberger et al., 2007), and p53 (Gougeon and Piacentini, 2009).
To facilitate the viral propagation, SGIV enhanced the typical
apoptosis by activating Ec-JNK1. Phosphorylation of JNK1 by
SGIV promoted the production of SGIV ORF136, which could
contribute to virus transmission and SGIV-induced apoptosis
(Huang et al., 2008). Hochest, PI, and JC-1 staining analyses
showed that Ec-JNK1 significantly promoted the SGIV-induced
apoptosis, while dominant-negative EcJNK1-△183-185 mutant
suppressed it. Ec-JNK1 increased the activation of caspase
3 suggesting a positive relationship of caspase-3-dependent
apoptosis and Ec-JNK1 during SGIV infection. Ec-JNK1 could
enhance SGIV-induced apoptosis by activating reporter gene NF-
κB and p53. Noncanonical NF-κB pathway was stimulated along
with viral infections and had a vital role in negatively regulating
type I IFN induction (Jin et al., 2014). Further investigations need
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FIGURE 8 | Activation of reporter genes by Ec-JNK1 and dominant-negative EcJNK1-1183-185 mutant during SGIV infection. Luciferase activities relative
to β-galactsidase were obtained in mock- or infected-cells. The quantitative activities of reporter genes modulated by dominant-active Ec-JNK1, dominant-negative
EcJNK1-1183-185 mutant were measured and statistically analyzed. The empty vector pcDNA3.1 was used as the control. The activities of reporter gene AP1-Luc
(A), p53-Luc (B), NF-κB-Luc (C), ISRE-Luc (D), and IFN-Luc (E) were showed as fold changes. All data were from three independent experiments and presented as
mean ± S.D. (n = 3). *p < 0.05; **p < 0.01.
to be done as to how p53 signaling activation with SGIV infection
and the cross talk of JNK1 and investigated signal pathways
above.
JNK molecules were activated to involve in different stages
of replication cycles for many DNA virus (Lee et al., 2011;
Stahl et al., 2012; Klein et al., 2015) and RNA virus (Si et al.,
2005; Tung et al., 2010; Wei et al., 2011). The JNK signaling
pathway has been confirmed to be involved in the infection of
iridovirus (Chitnis et al., 2008; Huang et al., 2011a), which are
large DNA viruses isolated from invertebrate and poikilothermic
vertebrates (Williams et al., 2005). SGIV is a Ranavirus belonging
to the genera Iridovirus of family Iridoviridae. JNK1 regulation
of viral replication could act as specific steps of the viral
replication cycle, including entry, gene transcription, protein
expression, and assembly. Phosphorylation of JNK and c-Jun
could be detected from the viral entry of SGIV (1 and 0.5 h p.i.,
respectively; Huang et al., 2011a). Again, our data showed that
the phosphorylation peaked at the early stage of SGIV infection.
These findings suggest that JNK1 and c-Jun activation occurs
early after infection and is functionally amplified as productive
viral replication proceeds to facilitate viral gene expression for
completing the replication cycle. Similar to the lytic replication
cycle of herpesvirus (Sharma-Walia et al., 2005; Pan et al., 2006;
Stahl et al., 2012), JNK1 and/or c-Jun phosphorylation enhanced
SGIV immediate-early gene ORF086R and early gene ORF136
expressions. However, inhibition of phosphorylation of JNK and
c-Jun by JNK1 mutant did not globally block the expression of
viral genes contribute to the formation of virus factories and
assembly, including the iridovirus ORF086R (Xia et al., 2009),
structure protein ORF072 (Ou-yang et al., 2012b) and ORF39L
(Zhang et al., 2015). These data demonstrate that JNK1 is also
essential to the late stage in the replication process of iridoviruses.
Further studies of direct interaction of JNK1 with SGIV protein
need to be done to delineate the molecular mechanism of JNK
activation by SGIV infection.
In conclusion, Ec-JNK1 has been involved in the immune
response to pathogen challenges in vivo and the SGIV infection
in vitro. Previous studies indicated the importance of JNK1/2
signaling pathway in iridovirius replication (Chitnis et al., 2008;
Huang et al., 2011a). Our findings define novel functions of JNK1
molecule on irdovirus infection in fish and reveal the molecular
mechanism mediated by JNK1 in evasion and infection of
iridovirus. Activation of JNK1 is required for the evasion and
replication of iridovirus. Opposite effects of wild type and
mutant JNK1 on production of viral protein showed that JNK1
involved in replication cycle of iridovirus. Many mammalian
viruses directly regulated NF-κB, p53, and IFN signal pathway
for evasion and infection (Santoro et al., 2003; Kinpara et al.,
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2013; Taylor et al., 2013). However, iridovirus modulated these
signal pathways by activating JNK1. A “positive cooperativity”
mechanism mediated by JNK1 could be at work for the efficient
infection and replication of iridovirus. To facilitate the viral entry
and replication, iridovirus SGIV phosphyrylated JNK1 which
promoted the activation of transcription factors c-Jun, AP-1, NF-
κB, and p53. SGIV usurped JNK1 as infection processes to block
the type I IFN signaling and promote the caspase-3-dependent
apoptosis for efficient replication. The novel functions of JNK1
on viral evasion and replication, and virus-induced apoptosis
will contribute to the molecular mechanism of iridovirus
pathogenesis.
AUTHOR CONTRIBUTIONS
All authors of this manuscript made contributions as following:
the conception or design of the work, acquisition, analysis,
interpretation of data for the work, and drafting the work
or revising it critically for important intellectual content, and
final approval of the version to be published, and agreement
to be accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of
the work are appropriately investigated and resolved. Each
author’s main contribution is different. MG conceived and
designed the experiments, performed the experiments, analyzed
the data, wrote the paper, prepared figures, and/or tables. JW
analyzed the data, contributed reagents/materials/analysis tools,
and revising the work critically for important intellectual content.
XH contributed acquisition and interpretation of data for the
work. YZ contributed materials for the work and reviewed drafts
of the paper. YY contributed interpretation of data for the work
and reviewed drafts of the paper. QQ conceived and designed the
experiments, reviewed drafts of the paper, provided final approval
of the version to be published.
ACKNOWLEDGMENTS
This work was supported by the Natural Science Foundation
of China (31461163007, 31330082, 31260644, 31572643),
the National Basic Research Program of China (973)
(2012CB114402), the National High Technology and Industrial
Program of China (2014AA093507), Research Fund for the
Doctoral Program of Higher Education (20124601110006),
Science and Technology and Industrial Development Marine
Fishery Project of Guangdong Province, China (A201501C01),
and Science and Technology Planning Project of Guangdong
Province, China (2014B030301064). The authors would like to
thank Jianlin Zhang from Scientific Equipment Service Center
of South China Sea Institute of Oceanology for flow cytometry
technical assistance.
SUPPLEMENTARY MATERIAL




Accardi, R., Fathallah, I., Gruffat, H., Mariggiò, G., Le Calvez-Kelm, F.,
Voegele, C., et al. (2013). Epstein-Barr virus transforming protein LMP-
1 alters B cells gene expression by promoting accumulation of the
oncoprotein 1Np73α. PLoS Pathog. 3:e1003186. doi: 10.1371/journal.ppat.
1003186
Ambrose, R. L., and Mackenzie, J. M. (2011). West Nile virus differentially
modulates the unfolded protein response to facilitate replication
and immune evasion. J. Virol. 85, 2723–2732. doi: 10.1128/JVI.02
050-10
Arbour, N., Naniche, D., Homann, D., Davis, R. J., Flavell, R. A., and Oldstone, M.
B. A. (2002). c-Jun NH2-terminal kinase (JNK)1 and JNK2 signaling pathways
have divergent roles in CD8+ T cell-mediated antiviral immunity. J. Exp. Med.
195, 801–810. doi: 10.1084/jem.20011481
Beckham, J. D., Goody, R. J., Clarke, P., Bonny, C., and Tyler, K. L. (2007). Novel
strategy for treatment of viral central nervous system infection by using a cell-
permeating inhibitor of c-Jun N-terminal kinase. J. Virol. 81, 6984–6992. doi:
10.1128/JVI.00467-07
Berard, A. R., Severini, A., and Coombs, K.M. (2015). Differential reovirus-specific
and herpesvirus-specific AP-1 activation of secretogranin II leads to alter virus
secretion. J. Virol. 89, 11954–11964. doi: 10.1128/JVI.01639-15
Chang, L., and Karin, M. (2001). Mammalian MAP kinase signaling cascades.
Nature 410, 37–40. doi: 10.1038/35065000
Chen, X., Trivedi, P. P., Ge, B., Krzewski, K., and Strominger, J. L. (2007). Many
NK cell receptors activate ERK2 and JNK1 to trigger microtubule organizing
center and granule polarization and cytotoxicity. Proc. Natl. Acad. Sci. U.S.A.
104, 6329–6334. doi: 10.1073/pnas.0611655104
Chi, S. C., Lin, S. C., Su, H. M., and Hu, W. W. (1999). Temperature effect on
nervous necrosis virus infection in grouper cell line and in grouper larvae.Virus
Res. 63, 107–114. doi: 10.1016/S0168-1702(99)00063-5
Chitnis, N. S., D’Costa, S. M., Paul, E. R., and Bilimoria, S. L. (2008). Modulation of
iridovirus-induced apoptosis by endocytosis, early expression, JNK, and apical
caspase. Virology 370, 333–342. doi: 10.1016/j.virol.2007.09.010
Ciccaglione, A. R., Stellacci, E., Marcantonio, C., Muto, V., Equestre, M., Marsili,
G., et al. (2007). Repression of interferon regulatory factor 1 byHepatitis C virus
core protein results in inhibition of antiviral and immunomodulatory genes.
J. Virol. 81, 202–214. doi: 10.1128/JVI.01011-06
Clarke, P., Meintzer, S. M., Wang, Y., Moffitt, L. A., Richardson-Burns, S.
M., Johnson, G. L., et al. (2004). JNK regulates the release of proapoptotic
mitochondrial factors in reovirus-infected cells. J. Virol. 78, 13132–13138. doi:
10.1128/JVI.78.23.13132-13138.2004
Clarke, P., and Tyler, K. L. (2009). Apoptosis in animal models of virus-induced
disease. Nat. Rev. Microbiol. 7, 144–155. doi: 10.1038/nrmicro2071
Cui, H., Yan, Y., Wei, J., Huang, X., Huang, Y., Ouyang, Z., et al. (2011).
Identification and functional characterization of an interferon regulatory factor
7-like (IRF7-like) gene from orange-spotted grouper, Epinephelus coioides.Dev.
Comp. Immunol. 35, 672–684. doi: 10.1016/j.dci.2011.01.021
Davis, R. J. (2000). Signal transduction by the JNK group of MAP kinases. Cell 103,
239–252. doi: 10.1016/S0092-8674(00)00116-1
Desagher, S., and Martinou, J. C. (2000). Mitochondrial as the central control
point of apoptosis. Trends Cell Biol. 10, 369–377. doi: 10.1016/S0962-8924(00)
01803-1
Dong, C., Davis, R. J., and Flavell, R. A. (2002). MAP kinases
in the immune response. Annu. Rev. Immunol. 20, 55–72. doi:
10.1146/annurev.immunol.20.091301.131133
Gougeon, M. L., and Piacentini, M. (2009). New insights on the role of
apoptosis and autophagy in HIV pathogenesis. Apoptosis 14, 501–508. doi:
10.1007/s10495-009-0314-1
Gravell, M., and Malsberger, R. G. (1965). A permanent cell line from the
fathead minnow (Pimephales promelas).Ann. N.Y. Acad. Sci. 126, 555–565. doi:
10.1111/j.1749-6632.1965.tb14302.x
Frontiers in Microbiology | www.frontiersin.org 14 February 2016 | Volume 7 | Article 121
Guo et al. JNK1 Involving in SGIV Evasion
Guo, M., Wei, J., Huang, X., Huang, Y., and Qin, Q. (2012). Antiviral effects of
β–defensin derived from orange-spotted grouper (Epinephelus coiodes). Fish
Shellfish Immunol. 32, 828–838. doi: 10.1016/j.fsi.2012.02.005
Gupta, S., Barrett, T., Whitmarsh, A. J., Cavanagh, J., Sluss, H. K., Dérijard, B., et al.
(1996). Selective interaction of JNK protein kinase isoforms with transcription
factors. EMBO J. 15, 2760–2770.
Hansberger, M. W., Campbell, J. A., Danthi, P., Arrate, P., Pennington, K. N.,
Marcu, K. B., et al. (2007). IκB kinase subunits and are required for activation
of NF-κB and induction of apoptosis by mammalian reovirus. J. Virol. 81,
1360–1371. doi: 10.1128/JVI.01860-06
Heckman, K. L., and Pease, L. R. (2007). Gene splicing and mutagenesis by PCR-
driven overlap extension. Nat. Protoc. 2, 924–932. doi: 10.1038/nprot.2007.132
Hengel, H., Koszinowski, U. H., and Conzelmann, K. K. (2005). Viruses know
it all: new insights into IFN networks. Trends Immunol. 26, 396–401. doi:
10.1016/j.it.2005.05.004
Holloway, G., and Coulson, B. S. (2006). Rotavirus activates JNK and p38
signaling pathways in intestinal cells, leading to AP-1-driven transcriptional
responses and enhanced virus replication. J. Virol. 80, 10624–10633. doi:
10.1128/JVI.00390-06
Hrincius, E. R., Wixler, V., Wolff, T., Wagner, R., Ludwig, S., and Ehrhardt, C.
(2010). CRK adaptor protein expression is required for efficient replication of
avian influenza A viruses and controls JNK-mediated apoptotic responses. Cell.
Microbiol. 12, 831–843. doi: 10.1111/j.1462-5822.2010.01436.x
Huang, C. H., Zhang, X. B., Gin, K. Y. H., and Qin, Q. W. (2004). In situ
hybridization of a marine fish virus, Singapore grouper iridovirus with a
nucleic acid probe of major capsid protein. J. Virol. Methods 117, 123–128. doi:
10.1016/j.jviromet.2004.01.002
Huang, X., Huang, Y., Gong, J., Yan, Y., and Qin, Q. (2008). Identification
and characterization of a putative lipopolysaccharide-induced TNF-α factor
(LITAF) homolog from Singapore grouper iridovirus. Biochem. Bioph. Res.
Commun. 373, 140–145. doi: 10.1016/j.bbrc.2008.06.003
Huang, X., Huang, Y., Ouyang, Z., Cai, J., Yan, Y., and Qin, Q. (2011a). Roles
of stress-activated protein kinases in the replication of Singapore grouper
iridovirus and regulation of the inflammatory responses in grouper cells. J. Gen.
Virol. 92, 1292–1301. doi: 10.1099/vir.0.029173-0
Huang, X., Huang, Y., Ouyang, Z., Xu, L., Yan, Y., Cui, H., et al. (2011b). Singapore
grouper iridovirus, a large DNA virus, induces nonapoptotic cell death by a cell
type dependent fashion and evokes ERK signaling. Apoptosis 16, 831–845. doi:
10.1007/s10495-011-0616-y
Huang, Y., Huang, X., Yan, Y., Cai, J., Ouyang, Z., Cui, H., et al. (2011c).
Transcriptome analysis of orange-spotted grouper (Epinephelus coioides)
spleen in response to Singapore grouper iridovirus. BMC Genomics 12:556. doi:
10.1186/1471-2164-12-556
Jin, J., Hu, H., Li, H. S., Yu, J., Xiao, Y., Brittain, G. C., et al. (2014). Noncononical
NF-κB pathway controls the production of Type I interferons in antiviral innate
immunity. Immunity 40, 342–354. doi: 10.1016/j.immuni.2014.02.006
Kai, Y. H., and Chi, S. C. (2008). Efficacies of inactivated vaccines against
betanodavirus in grouper larvae (Epinephelus coioides) by bath immunization.
Vaccine 26, 1450–1457. doi: 10.1016/j.vaccine.2007.12.043
Katsuma, S., Mita, K., and Shimada, T. (2007). ERK- and JNK-dependent signaling
pathways contribute to Bombyx mori nucleopolyhedrovirus infection. J. Virol.
81, 13700–13709. doi: 10.1128/JVI.01683-07
Kennedy, N. J., and Davis, R. J. (2003). Role of JNK in tumor development. Cell
Cycle 2, 199–201. doi: 10.4161/cc.2.3.388
Kinpara, S., Kijiyama, M., Takamori, A., Hasegawa, A., Sasada, A., Masuda, T.,
et al. (2013). Interferon-α (IFN-α) suppresses HTLV-1 gene expression and
cell cycling, while IFN-α combined with zidovudin induces p53 signaling and
apoptosis in HTLV-1-infected cells. Retrovirology 10:52. doi: 10.1186/1742-
4690-10-52
Klein, S. R., Piya, S., Lu, Z., Xia, Y., Alonso, M. M., White, E. J., et al. (2015). C-Jun
N-terminal kinases are required for oncolytic adenovirus-mediated autophagy.
Oncogene 34, 5295–5301. doi: 10.1038/onc.2014.452
Kroemer, G., Galluzzi, L., and Brenner, C. (2007). Mitochondrial
membrane permeabilization in cell death. Physiol. Rev. 87, 99–163. doi:
10.1152/physrev.00013.2006
Kumar, A. S., Manna, S. K., Dhawan, S., and Aggarwal, B. B. (1998). HIV-Tat
protein activates c-Jun N-terminal kinase and activator protein-1. J. Immunol.
161, 776–781.
Kyriakis, J. M., Banerjee, P., Nikolakaki, E., Dai, T., Rubie, E. A., Ahmad, M. F.,
et al. (1994). The stress-activated protein kinase subfamily of c-Jun kinases.
Nature 369, 156–160. doi: 10.1038/369156a0
Lee, M. H., Padmashali, R., and Andreadis, S. T. (2011). JNK1 is required
for Lentivirus entry and gene transfer. J. Virol. 85, 2657–2665. doi:
10.1128/JVI.01765-10
Li, Y., Zhang, Q., Liu, Y., Luo, Z., Kang, L., Qu, J., et al. (2012). Hepatitis C
virus activates Bcl-2 andMMP-2 expression through multiple cellular signaling
pathways. J. Virol. 86, 12531–12543. doi: 10.1128/JVI.01136-12
Mahardika, K., Zafran, Yamamoto, A., and Miyazaki, T. (2004). Susceptibility
of juvenile humpback grouper Cromileptes altivelis to grouper sleepy
disease iridovirus (GSDIV). Dis. Aquat. Org. 59, 1–9. doi: 10.3354/dao
059001
McLean, T. I., and Bachenheimer, S. L. (1999). Activation of c-Jun N-terminal
kinase by herpes simplex virus type 1 enhances viral replication. J. Virol. 73,
8415–8426.
Müller, C., and Rinas, U. (1999). Renaturation of heterodimeric platelet-derived
growth factor from inclusion bodies of recombinant Escherichia coli using size-
exclusion chromatography. J. Chromatogr. A 855, 203–213. doi: 10.1016/S0021-
9673(99)00660-3
Muthumani, K., Wadsworth, S. A., Dayes, N. S., Hwang, D. S., Choo, A. Y.,
Abeysinghe, H. R., et al. (2004). Suppression of HIV-1 viral replication and
cellular pathogenesis by a novel p38/JNK kinase inhibitor. AIDS 18, 739–748.
doi: 10.1097/00002030-200403260-00004
Myskiw, C., Arsenio, J., van Bruggen, R., Deschambault, Y., and Cao, J. (2009).
Vaccinia virus E3 suppresses expression of diverse cytokines through inhibition
of the PKR, NF-κB, and IRF3 pathways. J. Virol. 83, 6757–6768. doi:
10.1128/JVI.02570-08
Nacken, W., Anhlan, D., Hrincius, E. R., Mostafa, A., Wolff, T., Sadewasser, A.,
et al. (2014). Activation of c-jun N-terminal kinase upon influenza A virus
(IAV) infection is independent of pathogen-related receptors but dependent
on animo acid sequence variations of IAV NS1. J. Virol. 88, 8843–8852. doi:
10.1128/JVI.00424-14
Nguyen, D. G., Yin, H., Zhou, Y., Wolff, K. C., Kuhen, K. L., and Caldwell,
J. S. (2007). Identification of novel therapeutic targets for HIV infection
through functional genomic cDNA screening. Virology 362, 16–25. doi:
10.1016/j.virol.2006.11.036
Ou-yang, Z., Wang, P., Huang, X., Cai, J., Huang, Y., Wei, S., et al. (2012a).
Immunogenicity and protective effects of inactivated Singapore grouper
iridovirus (SGIV) vaccines in orange-spotted grouper, Epinephelus coioides.
Dev. Comp. Immunol. 38, 254–261. doi: 10.1016/j.dci.2012.07.004
Ou-yang, Z., Wang, P., Huang, Y., Huang, X., Wan, Q., Zhou, S., et al.
(2012b). Selection and identification of Singapore grouper iridovirus vaccine
candidate antigens using bioinformatics and DNA vaccination. Vet. Immunol.
Immunopathol. 149, 38–45. doi: 10.1016/j.vetimm.2012.05.021
Pan, H., Xie, J., Ye, F., and Gao, S. J. (2006). Modulation of Kaposi’s sarcoma-
associated herpesvirus infection and replication by MEK/ERK, JNK, and p38
multiple mitogen-activated protein kinase pathways during primary infection.
J. Virol. 80, 5371–5382. doi: 10.1128/JVI.02299-05
Parameswaran, V., Ishaq Ahmed, V. P., Shukla, R., Bhonde, R. R., and Sahul
Hameed, A. S. (2007). Development and characterization of two new cell lines
from milkfish (Chanos chanos) and grouper (Epinephelus coioides) for virus
isolation.Mar. Biotechnol. 9, 281–291. doi: 10.1007/s10126-006-6110-9
Presser, L. D., McRae, S., and Waris, G. (2013). Activation of TGF-β1
promoter by hepatitis C virus-induced AP1- and Sp1: role of TGF-β1
in hepatic stellate cell activation and invasion. PLoS ONE 8:e56367. doi:
10.1371/journal.pone.0056367
Qin, Q. W., Chang, S. F., Ngoh-Lim, G. H., Gibson-Kueh, S., Shi, C., and Lam, T. J.
(2003). Characterization of a novel ranavirus isolated from grouper Epinephelus
tauvina. Dis. Aquat. Org. 53,1–9. doi: 10.3354/dao053001
Qin, Q. W., Lam, T. J., Sin, Y. M., Shen, H., Chang, S. F., Ngoh, G. H., et al. (2001).
Electron microscopic observations of a marine fish iridovirus isolated from
brown-spotted grouper, Epinephelus tauvina. J. Virol. Methods 98, 17–24. doi:
10.1016/S0166-0934(01)00350-0
Qin, Q. W., Wu, T. H., Jia, T. L., Hedge, A., and Zhang, R. Q. (2006). Development
and characterization of a new tropical marine fish cell line from grouper,
Epinephelus coioides susceptible to iridovirus and nodavirus. J. Virol. Methods
131, 58–64. doi: 10.1016/j.jviromet.2005.07.009
Frontiers in Microbiology | www.frontiersin.org 15 February 2016 | Volume 7 | Article 121
Guo et al. JNK1 Involving in SGIV Evasion
Raman, M., Chen, W., and Cobb, M. H. (2007). Differential regulation
and properties of MAPKs. Oncogene 26, 3100–3112. doi: 10.1038/sj.onc.
1210392
Rau, S. J., Hildt, E., Himmelsbach, K., Thimme, R., Wakita, T., Blum, H. E.,
et al. (2013). CD40 inhibits replication of hepatitis C virus in primary human
hepatocytes by c-Jun N-Terminal kinase activation independent from the
interferon pathway. Hepatology 57, 23–36. doi: 10.1002/hep.25966
Reed, L. J., and Muench, H. (1938). A simple method of estimating fifty percent
endpoints. Am. J. Hyg. 27, 493–497.
Rincón, M., Flavell, R. A., and Davis, R. J. (2001). Signal transduction
by MAP kinases in T lymphocytes. Oncogene 20, 2490–2497. doi:
10.1038/sj.onc.1204382
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual, 2nd Edn. Cold Spring Harbor, NY: Cold Spring Harbor
Laboratory Press.
Santoro, M. G., Rossi, A., and Amici, C. (2003). NF-kappaB and virus
infection: who controls whom. EMBO J. 22, 2552–2560. doi: 10.1093/emboj/
cdg267
Seo, J., Asaoka, Y., Nagai, Y., Hirayama, J., Yamasaki, T., Namae, M., et al. (2010).
Negative regulation of wnt11 expression by Jnk signaling during zebrafish
gastrulation. J. Cell. Biochem. 110, 1022–1037. doi: 10.1002/jcb.22616
Sharma-Walia, N., Krishnan, H. H., Naranatt, P. P., Zeng, L., Smith, M. S., and
Chandran, B. (2005). ERK1/2 and MEK1/2 induced by Kaposi’s carcoma-
associated herpesvirus (human herpesvirus 8) early during infection of target
cells are essential for expression of viral genes and for establishment of
infection. J. Virol. 79, 10308–10329. doi: 10.1128/JVI.79.16.10308-10329.2005
Shi, W., Li, X., Hou, X., Peng, H., Jiang, Q., Shi, M., et al. (2012). Differential
apoptosis gene expressions of rhabdomyosarcoma cells in response to
enterovirus 71 infection. BMC Infect. Dis. 12:327. doi: 10.1186/1471-2334-
12-327
Si, X., Luo, H., Morgan, A., Zhang, J., Wong, J., Yuan, J., et al. (2005). Stress-
activated protein kinases are involved in coxsackievirus B3 viral progeny
release. J. Virol. 79, 13875–13881. doi: 10.1128/JVI.79.22.13875-13881.2005
Stahl, J. A., Paden, C. R., Chavan, S. S., MacLeod, V., Edmondson, R. D., Speck,
S. H., et al. (2012). Amplification of JNK signaling is necessary to complete the
murine gammaerpesvirus 68 lytic replication cycle. J. Virol. 86, 13253–13262.
doi: 10.1128/JVI.01432-12
Suzuki, H., and Matsuoka, M. (2013). The JNK/c-Jun signaling axis contributes
to the TDP-43-induced cell death. Mol. Cell. Biochem. 372, 241–248. doi:
10.1007/s11010-012-1465-x
Tardif, M. R., and Tremblay, M. J. (2005). Tetraspanin CD81 provides a
costimulatory signal resulting in increased human immunodeficiency virus
type I gene expression in primary CD4+ T lymphocytes through NF-
kappaB, NFAT, and AP-1 transduction pathways. J. Virol. 79, 4316–4328. doi:
10.1128/JVI.79.7.4316-4328.2005
Taylor, H. B., Liepe, J., Barthen, C., Bugeon, L., Huvet, M., Kirk, P. D., et al.
(2013). P38 and JNK have opposing effects on persistence of in vivo leukocyte
migration in zebrafish. Immunol. Cell Biol. 91, 60–69. doi: 10.1038/icb.2012.57
Taylor, K. E., and Mossman, K. L. (2013). Recent advances in understanding
viral evasion of type I interferon. Immunology 138, 190–197. doi:
10.1111/imm.12038
Thome, M., Martinon, F., Hofmann, K., Rubio, V., Steiner, V., Schneider, P., et al.
(1999). Equine herpesvirus-2 E10 gene product, but not its cellular homologue,
activate NF-kappaB transcription factor and c-Jun N-terminal kinase. J. Biol.
Chem. 274, 9962–9968. doi: 10.1074/jbc.274.15.9962
Tortorella, D., Gewurz, B. E., Furman,M.H., Schust, D. J., and Ploegh, H. L. (2000).
Viral subversion of the immune system. Annu. Rev. Immunol. 18, 861–926. doi:
10.1146/annurev.immunol.18.1.861
Tung, W. H., Tsai, H. W., Lee, I. T., Hsieh, H. L.,Chen, W. J., et al. (2010).
Japanese encephalitis virus induces matrix metalloproteinase-9 in rat brain
astrocytes via NF-κB signalling dependent on MAPKs and reactive oxygen
species. Br. J. Pharmacol. 161, 1566–1583. doi: 10.1111/j.1476-5381.2010.0
0982.x
Verheij, M., Bose, R., Lin, X. H., Yao, B., Jarvis, W. D., Grant, S., et al. (1996).
Requirement for ceramide-initiated SAPK/JNK signalling in stress-induced
apoptosis. Nature 380, 75–79. doi: 10.1038/380075a0
Wei, L., Zhu, S., Ruan, G., Hou, L., Wang, J., Wang, B., et al. (2011). Infectious
bursal disease virus-induced activation of JNK signaling pathway is required
for virus replication and correlates with virus-induced apoptosis. Virology 420,
156–163. doi: 10.1016/j.virol.2011.08.027
Weston, C. R., and Davis, R. J. (2007). The JNK signal transduction pathway. Curr.
Opin. Cell Biol. 19, 142–149. doi: 10.1016/j.ceb.2007.02.001
Williams, T., Barbosa-Solomieu, V., and Chinchar, V. G. (2005). A decade
of advances in iridovirus research. Adv. Virus Res. 65, 173–248. doi:
10.1016/S0065-3527(05)65006-3
Wu, M. S., Chen, C. W., Lin, C. H., Tzeng, C. S., and Chang, C. Y. (2012).
Differential expression profiling of orange-spotted grouper larvae, Epinephelus
coioides (Hamilton), that survived a betanodavirus outbreak. J. Fish Dis. 35,
215–225. doi: 10.1111/j.1365-2761.2012.01341.x
Xia, L., Cao, J., Huang, X., and Qin, Q. (2009). Characterization of Singapore
grouper iridovirus (SGIV) ORF086R, a putative homology of ICP18 involved
in cell growth control and virus replication. Arch. Virol. 154, 1409–1416. doi:
10.1007/s00705-009-0457-y
Xiao, Y., Zhou, Y., Xiong, Z., Zou, L., Jiang, M., Luo, Z., et al. (2013). Involvement
of JNK in the embryonic development and organogenesis in zebrafish. Mar.
Biotechnol. 15, 716–725. doi: 10.1007/s10126-013-9520-5
Yeh, S. P., Chang, C. A., Chang, C. Y., Liu, C. H., and Cheng, W. (2008). Dietary
sodium alginate administration affects fingerling growth and resistance to
Streptococcus sp. and iridovirus, and juvenile non-specific immune responses
of the orange-spotted grouper, Epinephelus coioides. Fish Shellfish Immun. 25,
19–27. doi: 10.1016/j.fsi.2007.11.011
Yeh, Y. C., Hsu, Y. J., Chen, Y. M., Lin, H. Y., Yang, H. L., Chen, T. Y., et al. (2014).
EcVig, a novel grouper immune-gene associated with antiviral activity against
NNV infection.Dev. Comp. Immunol. 43, 68–75. doi: 10.1016/j.dci.2013.10.014
Yin, S., Huo, Y., Dong, Y., Fan, L., Yang, H., Wang, L., et al. (2012). Activation of c-
Jun NH(2)-terminal kinase is required for porcine reproductive and respiratory
syndrome virus-induced apoptosis but not for virus replication. Virus Res. 166,
103–108. doi: 10.1016/j.virusres.2012.03.010
Zapata, H. J., Nakatsugawa, M., and Moffat, J. F. (2007). Varicella-zoster virus
infection of human bibroblast cells activates the c-Jun N-terminal kinase
pathway. J. Virol. 81, 977–990. doi: 10.1128/JVI.01470-06
Zhang, H., Zhou, S., Xia, L., Huang, X., Huang, Y., Cao, J., et al. (2015).
Characterization of the VP39 envelope protein from Singapore grouper
iridovirus. Can. J. Microbiol. 61, 924–937. doi: 10.1139/cjm-2015-0118
Zhang, Y., and Dong, C. (2007). Regulatory mechanisms of mitogen-activated
kinase signaling. Cell. Mol. Life. Sci. 64, 2771–2789. doi: 10.1007/s00018-007-
7012-3
Zhu, M. M., Tong, J. L., Xu, Q., Nie, F., Xu, X. T., Xiao, S. D., et al.
(2012). Increased JNK1 signaling pathway is responsible for ABCG2-mediated
multidrug resistance in human colon cancer. PLoS ONE 7:e41763. doi:
10.1371/journal.pone.0041763
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Guo, Wei, Huang, Zhou, Yan and Qin. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Microbiology | www.frontiersin.org 16 February 2016 | Volume 7 | Article 121
